Introduction
Stem cells have been shown to possess extensive self-renewal, differentiation and immunoregulatory properties thus are ideal source for cell based therapies for several autoimmune, inflammatory and degenerative diseases. Stem cell-based therapy is being explored for treatment of several human diseases especially for those diseases that have limited or no other treatment options. Bone marrow contains multipotent stem cells and these cells are extensively studied in animal models and human clinical trials. However, isolation of stem cells from bone marrow requires painful invasive procedure. Moreover, available data indicate that the number of isolated cells from bone marrow and their differentiation potential decreases with age. 1, 2 Lately, umbilical cord which is the extension of fetal amnion is being evaluated as a source of stem cells. Two types of stem cells: epithelial and mesenchymal stem cells (MSCs) have been isolated and characterized from human umbilical cord. [3] [4] [5] Umbilical cord stem cells are multipotent, possess high proliferation and immunoregulatory properties. 6 Moreover, their collection is relatively easy and does not involve any invasive interventions. 7, 8 Due to these properties, umbilical cord stem cells are being actively tested in human clinical trials as an alternative source of stem cells. 9, 10 Influenza A and B viruses cause seasonal annual epidemics resulting in 3-5 million clinical cases and between 250,000-500,000 deaths annually. 11 During the last century, novel influenza viruses of the H1N1, H2N2 and H3N2 subtypes against which general population had no prior immunity caused pandemics of 1918, 1957 and 1968; respectively. A novel H1N1 virus of swine origin caused the 2009 human pandemic. In addition to these viruses, certain types of influenza viruses of H5N1 and H7N7 directly transmit from avian species to humans. Most recently new avian H7N9 influenza virus transmitted from poultry to humans and according to latest WHO report (June 27, 2014) , 450 laboratory confirmed human cases of infection with 165 deaths, mainly in China, have been reported, thus, posing a real threat for new influenza pandemic (http://www.who.int/influenza/human_animal_interface/influen za_h7n9/riskassessment_h7n9_27june14.pdf).
Influenza viruses often cause severe infections in young children, elderly, pregnant women and immunocompromised individuals. Available data indicate that several influenza viruses including the highly pathogenic avian influenza H5N1 and 2009 H1N1 influenza virus infected pregnant women resulting in either their death, abortion or affected the fetal development. [12] [13] [14] [15] Although not fully established, a few studies in humans and pigs speculated the vertical transmission of influenza virus from mother to fetus. [16] [17] [18] Pig's anatomy, physiology and immunology closely resemble to humans; therefore, pigs are useful large animal model for evaluating stem cell therapy in a preclinical model. [19] [20] [21] [22] [23] Additionally, pigs are natural host for influenza virus and clinical signs of influenza and disease pathogenesis in pigs closely resemble that observed in humans. 24 In this study, for the first time, we isolated epithelial stem cells from the umbilical cord of pigs (referred as SUCECs in the text). The cells expressed pluripotency, stem and epithelial cell markers. The cells also differentiated into lung epithelial cells and inhibited the proliferation of T cells. These cells should be useful as preclinical cellular therapy studies for human diseases in large animal models such as pigs. Additionally, we have demonstrated that these cells are susceptible to influenza virus indicating the potential of these cells to transmit infection from mother to fetus. Currently, human umbilical cord stem cells are being investigated as a cellular therapy in human clinical trials, our data demonstrating the replication of influenza in SUCECs suggests that umbilical cord stem cells isolated from influenza-virus infected humans may transmit infection to the recipients and virus infection may also alter the differentiation and immunomodulatory properties of these cells.
Results
Proliferation and self-renewal potential of SUCECs We isolated single cell suspension from UC of pigs by enzymatic treatment (n D 3). The cell suspensions were cultured on collagen-coated tissue culture flasks. Epithelial cell-like colonies exhibiting typical cobblestone morphology were observed in 7-8 d culture (Fig. 1A) . The epithelial colony cells grew slowly initially, however, after 2 passages cells displayed extensive proliferation potential in culture. As shown in Fig. 1B , cells proliferated extensively in culture. Cell number increased more than 10 fold as compared to starting cell number by day 3. The epithelial colony cells were also examined for their ability to form colonies in vitro by colony forming unit (CFU) assay. Single cells were able to form colonies (>50 cells), suggesting that these cells possess self-renewal potential (data not shown).
Stem and epithelial cell markers expression on SUCECs
The isolated epithelial cells showed self-renewal and extensive proliferation potential. Next, we examined the expression of stem cell and pluripotency markers on these cells. The cells expressed Oct4, and SSEA-1, SSEA-4, TRA 1-60 and TRA 1-81 markers (Fig. 2) . The Oct4 was mainly detected in the nuclei of almost all the cells. SSEA-1 and 4, embryonic stem cell markers, were mainly localized on the surface, in the cytoplasm and in perinuclear region of epithelial cells. TRA 1-60 and 1-81 were also detected on the surface and cytoplasm of SUCECs ( Fig. 2) .
Phenotypic characteristics of SUCECs
The expression of mesenchymal and haematopoietic markers on SUCECs was examined by flow cytometry. The cells were negative for the expression of mesenchymal (CD44, CD90) and haematopoietic marker (CD45). However, cells showed bright staining for epithelial markers; pancytokeratin (Pan-CK), cytokeratin-18 (CK-18) and occludin, when examined by IFA confirming the epithelial phenotype of these cells ( Fig. 3 ).
Differentiation of SUCECs into lung epithelial cells
SUCECs showed stem cell characteristics such as self-renewal and expression of pluripotency and stem cell markers. Therefore, we were interested to see if these cells also have differentiation potential. These cells were examined for differentiation into lung epithelial cell types. For inducing differentiation of SUCECs into type I and II lung epithelial cells, individual colonies of SUCECs were cultured in collagen I-coated tissue culture plates. The cells were cultured in epithelial differentiation medium that contained 50% epithelial growth media supplemented with bovine pituitary extract (70 mg/ml), human epidermal growth factor (5 ng/ml), insulin (5 mg/ml), and hydrocortisone (0.5 mg/ml) (MEBM, Lonza) and 50% lung MSC-CM medium for 6 days. After the incubation, expression of Aquaporin 5 (Aqua5) and pro surfactant protein C (SPC), markers for type I and II pneumocytes, respectively was examined on differentiated cells. SUCECs cultured in epithelial differentiation medium were flattened and larger in size as compared to parent epithelial colony cells. Also, expression of Aqua5 and SPC proteins was detected on differentiated cells ( Fig. 4A and B ).
SUCECs inhibit T cell proliferation
Stem cells possess potent immunoregulatory properties and are under evaluation as cell therapy for autoimmune and inflammatory diseases. In this study, we examined if SUCECs also have immunoregulatory activity. SUCECs were co-cultured with peripheral blood mononuclear cells (PBMCs) at 1:10 ratio and stimulated with phytohemagglutinin (PHA). Presence of SUCECs in cultures significantly suppressed (P < 0 .05) proliferation of T cells. In presence of SUCECs, there was 66% suppression in the number of proliferating T cells ( Fig. 5A and B) . Additionally, levels of anti-inflammatory cytokine, IL-10 were also higher when SUCECs were present in co-cultures with PBMCs (data not shown). Thus, SUCECs possess immunomodulatory activity and may serve as useful tool to study their immunomodulatory and epithelial repair mechanisms in a pig model of acute inflammatory diseases.
Detection of influenza virus receptors on SUCECs
In earlier studies influenza viral genome was detected in placenta and/or fetuses/infants whose mothers were infected with influenza virus. 12, 17 In this study, we wanted to see if SUCECs support influenza virus replication. First, we examined these cells for the expression of influenza virus receptors by flow cytometry. Madin-Darby canine kidney (MDCK) cells that support avian and mammalian influenza virus infection were included as positive controls. SUCECs expressed a-2,3and a-2,6-linked sialic acid residues, receptors for avian and mammalian influenza viruses, respectively, on their surface. As shown in Fig. 6 , the expression of both types of receptors on SUCECs was comparable to expression levels on MDCK cells. Nearly all MDCK cells (99%) and majority of SUCECs (95%) expressed a-2,6-linked sialic acid receptors whereas 55% of MDCK and 35% of SUCECs expressed a-2,3-linked sialic acid receptors.
Replication of influenza viruses in SUCECs
We examined the susceptibility of these cells to Swine/TX/ 1998, H3N2 (SwIV), and pandemic human influenza virus Human/CA/09, H1N1 (HuIV) viruses. Consistent with the expression of sialic acid receptors on SUCECs, influenza viruses replicated in SUCECs when infected at MOI of 1 even in the absence of TPCK trypsin and caused cytopathological changes in SUCECs (Fig. 7A) . Influenza virus NP was also detected in virus-infected cells by IFA at 24 h after infection ( Fig. 7B) . While examining the kinetics of virus replication in SUCECs, the infectious viruses were detected in virus-infected culture supernatants starting from 10 h after infection. The virus titers increased steadily over time and reached peak at 48 h after infection. SwIV virus replicated to higher titers as compared to HuIV in these cells (Fig. 7C ).
Discussion
Umbilical cord, which is normally discarded at birth, contains multipotent stem cells. Umbilical cord stem cells are under investigation for numerous human conditions under clinical settings. In this study, we report on isolation and characterization of porcine epithelial stem cell-like cells from umbilical cord and susceptibility of these cells to influenza virus. The cells displayed cuboidal morphology and expressed epithelial specific markers whereas mesenchymal and haematopoietic markers were not detected on these cells. The isolated cells expressed embryonic stem cell and pluripotency associated markers. These cells possessed immunomodulatory properties and inhibited the proliferation of T cells and caused the production of anti-inflammatory cytokine, IL-10. Upon culture in induction medium, cells differentiated into lung type I and II pneumocytes. The cells also expressed influenza virus receptors and supported the replication of influenza viruses including the 2009 pandemic H1N1 influenza virus.
Umbilical cord is the extension of placental amnion and is source of both epithelial and mesenchymal stem cells. Human UCECs have been isolated and characterized. 8, 25, 26 Similar to human UCECs, SUCECs were highly proliferative and expressed embryonic stem cell and pluripotency markers including SSEA-1, SSEA-4, TRA-1-60, TRA-1-81, and Oct-4 and showed in vitro differentiation potential. 25, 26 The expression of these factors indicated that these cells possess many of the properties of embryonic cells. Consistent with the expression of stem cells markers, SUCECs possessed self-renewal and differentiation potential. In this study we tested the differentiation of these cells into lung epithelial cells. SUCECs readily differentiated into aqua 5 expressing type I and SPC expressing type II cells. Previously, human UCECs were shown to differentiate into several types of epithelial cells including skin and lung epithelial cells [ref. 25 ; http:// www.cellresearchcorp.com/ index.cfm?GPIDD37].
Consistent with the previous reports suggesting the presence of both epithelial and mesenchymal stem cells in umbilical cords, [3] [4] [5] we also observed mesenchymal and epithelial cell colonies in our starting cultures of collagenase treated umbilical cord cell suspension. Mesenchymal colonies appeared earlier around 3-4 days after culture whereas epithelial colonies were evident in 7-8 days. Similar to these observations, we previously isolated progenitor epithelial cells from the lungs of pigs that were also surrounded by mesenchymal cells. 27 Not much is known about the exact relationship between co-existing epithelial and mesenchymal cells in this culture system. Recent publications demonstrated that MSCs can differentiate into epithelial cell phenotypes in vitro and in vivo. [28] [29] [30] In vitro culture of MSCs in epithelial differentiation medium resulted in the expression of lung epithelial cell markers such as CCSP, SPC, Aqua5, and CFTR protein. 29 Similarly, differentiation of MSCs into lung epithelium was observed in vivo, cord blood MSCs when inoculated in SCID mice, engrafted and showed the expression of epithelial cell marker cytokeratin and CFTR. These observations provide evidence that mesenchymal cells may serve as precursors of progenitor epithelial cells. Further, we and others have shown previously that MSCs secreted factors may regulate the differentiation and self-renewal of progenitor epithelial cells. In our earlier study, we have shown that pig lung progenitor epithelial cells differentiated into type I and II pneumocytes upon culture in epithelial differentiation medium containing 50% conditioned medium from lung MSCs. In this study, using the same media composition, we were able to induce the differentiation of SUCECs into type I and II lung epithelial cells. Similarly, MSC-CM supported the proliferation and differentiation of neuronal and retinal stem cells and their differentiation into neurons. 31, 32 These data clearly indicate that probably soluble factors released by MSCs may regulate the self-renewal and differentiation of progenitor epithelial cells. Studies are underway to identify secreted factors that may be involved in regulating the differentiation potential of epithelial progenitor/stem cells. Our preliminary studies indicate that porcine lung MSCs secrete keratinocyte growth factor (KGF), a well-known soluble factor that regulates epithelial cell proliferation and differentiation.
Stem cells have immunoregulatory properties, inhibit inflammation and are low immunogenic, therefore, these cells are being evaluated as cellular therapy for acute inflammatory and autoimmune diseases in autologous and allogenic settings. In this study, we demonstrated that similar to human UCECs, 8 SUCECs also possess immunoregulatory properties. SUCECs significantly suppressed the proliferation of T cells in vitro in response to mitogen, suggesting that SUCECs will be valuable cell source to examine the role of these cells in a pig model of human inflammatory diseases.
Influenza virus mainly replicates in the respiratory tract. However, virus infection has been detected in extra-pulmonary tissues. [33] [34] [35] [36] Influenza virus genome and viral antigens were also detected in reproductive organs and fetal tissues and the virus has been associated with causing abortions and fetal abnormalities. 12, [37] [38] [39] However, it is not yet identified whether influenza virus replicates in umbilical cord cells. In this study, we examined the susceptibility of isolated SUCECs to HuIV and SwIV. Our data provide clear evidence that SUCECs express receptors required for influenza virus binding and actively support virus replication. Both HuIV and SwIV replicated in primary SUCECs without the addition of exogenous trypsin. Earlier reports have shown that primary cells isolated from human adenoids and respiratory epithelium and several cell lines including HepG2 and MDCK can support influenza virus replication without the addition of trypsin. [40] [41] [42] [43] [44] It is likely that SUCECs cells may release endogenous protease (s) which is able to cleave precursor hemagglutinin (HA0) into active hemagglutinin (HA1 and HA2), the initial step required for the efficient replication of influenza viruses in cells. 45 These findings have implication for stem cell therapy where umbilical cord stem cells are used for transplantation. Donor umbilical cord cells infected with influenza virus may transmit virus to recipients. Earlier studies indicated that stem cell derived from hepatitis B and C-, cytomegalovirus (CMV)-, human herpesvirus 6-, and parvovirus-infected donors transmitted these infections in the recipients. [46] [47] [48] [49] [50] [51] Since stem cells possess immunomodulatory and differentiation properties and are being tested to treat autoimmune and inflammatory diseases, influenza virus infection of these cells may affect their engraftment in recipients and alter their differentiation and immunomodulatory properties and thereby, may adversely influence the outcome of the transplantation. Currently, the data addressing these questions are not available. In one earlier report, Carpell and co-workers 52 demonstrated that the engraftment of CMV-infected MSCs in fetal tissues was lower as compared to non-infected MSCs when MSCs were inoculated in utero in fetal sheep, demonstrating that CMV infection affected the engraftment of stem cells. Future in vivo studies will be conducted in pigs to examine the transplacental transmission of influenza and the replication of influenza in umbilical cord epithelial, mesenchymal and hematopoetic cells and effect of virus infection on the differentiation and immunoregulatory properties of these cells.
In conclusion, we isolated progenitor epithelial-like cells from umbilical cord of pigs. These cells differentiated into type I and II lung epithelial cells and also had immunomodulatory properties. Therefore, these cells should serve as useful tool to study beneficial effects of stem cell therapy in a pig model of important human diseases. We also provided evidence that these cells are susceptible to influenza virus infection. Therefore, umbilical cord stem cells should be tested for influenza virus before transplantation to prevent virus transmission to recipients. 
Materials and Methods

Isolation of SUCECs
We collected swine UCs (n D 3) after cesarean section from full-term births. We isolated epithelial cells from the umbilical cord using essentially the same protocol used for the isolation of human umbilical cord epithelial cells. 10, 25, 53 Briefly, after harvesting, we washed the cords extensively with phosphate-buffered saline (PBS) containing 1% antibiotics (Life Technologies) and cut into small pieces. We then removed the blood vessels and treated the cord fragments with collagenase II (0.5 mg/ml) in a 6-well plate at 37 C for 2 hours (h). After digestion, single cell suspension was obtained by filtering through a 70 mm cell strainer. The cells were washed 2-3 times with Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum (FBS). We then, cultured SUCECs in collagen-I coated culture plates. The epithelial colonies were visible in 7-8 d after seeding. Epithelial colonies were expanded in culture and passaged at 90% confluency. Cells passaged between 3 and 8 times were used for the following experiments.
Proliferation of SUCECs
The proliferation of SUCECs was determined by cell counting the cells for 6 d at 24 h intervals. A total of 2 £ 10 5 cells were seeded in a 6-well plate. At 24 h intervals, the cells were detached by trypsin and counted by trypan blue dye exclusion method.
Detection of stem cell and epithelial cell markers
We detected the expression of stem and epithelial cell markers on SUCECs by immunofluorescence assay (IFA) using swine specific or cross-reactive antibodies as described. 54, 55 Briefly, SUCECs were fixed in methanol:acetone (1:1) for 5 minutes (min) and incubated with 3% bovine serum albumin (BSA) for 30 min. We then incubated the cells overnight at 4 C with following primary antibodies: rabbit anti-human Oct4 (Santa Cruz Biotechnology), mouse anti-human SSEA-1 and 4, mouse anti-human TRA-1-60 and -1-81 (Millipore), mouse antihuman Pan-CK (Sigma), mouse anti-human CK-18 (Sigma), rabbit anti-human occludin (Life Technologies). Following incubation, we washed the cells and incubated at room temperature for 1 h with the following FITC-labeled secondary antibodies: goat anti-rabbit IgG and goat anti-mouse IgG (Sigma). Cell nuclei were stained with 4 0 ,6-diamidino-2-phenylindole (DAPI).
Phenotyping of cells by flow cytometry
To study the phenotypic characteristics of SUCECs, we stained SUCECs with the following primary antibodies: mouse anti pig-CD90 (IgG1), mouse anti pig-CD44 (IgG2b, VMRD), and mouse anti pig-CD45 (IgM, VMRD), for 20 min at 4 C. Rat anti-mouse IgG1-APC (BD Biosciences), goat anti-mouse IgG2b-Spectral Red (SPRD; Southern Biotech), rat anti-mouse IgM-PE (BD Biosciences) were used as secondary antibodies. Relevant isotype and secondary antibodies were used as controls for non-specific binding. Stained cells were acquired by C6 flow cytometer (BD Accuri Cytometers) and analyzed using CFlow Ò plus Software (Accuri). 27 Preparation of lung MSC-CM We collected CM from porcine lung MSCs cultures as described previously. 54 Briefly, porcine lung-MSCs were grown and expanded in DMEM containing 10% FBS. When MSCs reached at about 80% confluence, we removed the culture medium, washed the cells with phosphate-buffered saline and cultured in serum-free DMEM medium for 24 h. Then, we collected the CM, removed cellular debris by centrifugation and used in epithelial differentiation assays.
Differentiation of SUCECs into type I and type II pneumocytes
We examined the differentiation potential of isolated SUCECs. The cells were tested for differentiation into type I and II pneumocytes. For this, we seeded the cells in culture dishes pre-coated with collagen I in epithelial cell differentiation medium for 6 d After the incubation, we examined the cell morphology and for the expression of Aqua5 (type I pneumocytes) and SPC (type II pneumocytes) was examined by IFA. Goat antihuman Aqua5 (Santa Cruz Biotechnology) and rabbit antihuman SPC (Millipore) were used as primary antibodies. 54, 55 T cell proliferation To study the effect of SUCECs on T cell proliferation, we stained PBMCs with carboxyfluorescein diacetate succinimidyl ester (CFSE) dye. PBMCs were isolated by centrifugation over Ficoll-Hypaque gradients. 27 PBMCs (10 6 /ml in PBS) were stained with 5 mM CFSE for 5 min at room temperature. After washing, we suspended the cells in RPMI 1640 medium supplemented with 10% FBS and 1% antibiotics (Gibco) and seeded in a 24-well plate in the presence or absence of SUCECs (SUCEC to PBMC ratio 1:10). The cultures were stimulated with PHA; 5 mg/ml and incubated for 72 h at 37 C. Cell proliferation was analyzed by flow cytometry (Accuri).
Detection of sialic acid receptors on SUCECs
We examined the expression of influenza virus receptors on progenitor epithelial cells by flow cytometry. 54, 56 MDCK cells which express both a-2,3-linked sialic acid receptors and a-2,6linked sialic acid receptors; known receptors for avian and mammalian influenza viruses, respectively; were used as positive controls. SUCECs and MDCK cells were incubated with FITClabeled Maackia amurensis lectin II (MAA) or Sambucus niagra agglutinin (SNA) (EY Laboratories) at 4 C for 30 min in dark; washed three times with FACS buffer and acquired by Accuri C6 flow cytometer (BD Accuri) and analyzed by Flow plus software (Accuri).
Influenza viruses and infection of progenitor epithelial cells
Virus stocks of SwIV; Swine/TX/98, H3N2, and pandemic HuIV; Human/CA/09, H1N1 (kindly provided by Dr. Sagar M. Goyal, Department of Veterinary Population Medicine, University of Minnesota, Saint Paul, MN) were prepared in MDCK cells. SUCECs were infected with SwIV or HuIV at a multiplicity of infection (MOI) of 1. At indicated time points after infection, culture supernatants were collected and released virus was quantified by titration in MDCK cells 27 and expression of influenza virus nucleoprotein (NP) in infected cells at 24 h after infection was detected by IFA. 54 
Statistical analysis
Data are expressed as mean § standard deviation (SD) and data were analyzed by using Student's t test. P value of less than 0.05 was considered statistical significant.
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